OBJECTIVE-The progressive infiltration of pancreatic islets by lymphocytes is mandatory for development of autoimmune type 1 diabetes. This inflammatory process is mediated by several mediators that are potential therapeutic targets to arrest development of type 1 diabetes. In this study, we investigate the role of one of these mediators, interleukin-16 (IL-16), in the pathogenesis of type 1 diabetes in NOD mice.
I
nsulitis and type 1 diabetes are mediated by the regulated homing of leukocytes to pancreatic islets by chemoattractants (1) (2) (3) . Unlike chemokines that bind chemokine receptors, the interleukin-16 (IL-16) cytokine binds to CD4 and selectively recruits CD4 ϩ T helper one (Th1) cells due to the functional relationship between CD4 and the CCR5 and CXCR3 chemokine receptors (4, 5) . Mature IL-16 is secreted after caspase-3 mediated cleavage of either neuronal IL-16 or precursor protein (pro-IL-16) (6 -13). IL-16 also regulates T-cell activation, CD25 and major histocompatibility complex class II expression, IL-2 production (14) , antigen-induced upregulation of CD95 expression (14) , and chemokine-induced chemoattraction (15, 16) . Binding of IL-16 to CD4 selectively desensitizes CCL4/CCR5-induced chemotaxis, and pretreatment of T-cells with CCL4 blocks chemotaxis triggered by IL-16 binding to CD4 (15) . CD4 and CCR5 may therefore share a unique relationship mediated by either IL-16 and/or CCL4 binding, and IL-16 and CCL4 may cross-regulate each other's activity. Thus, IL-16 is an immunomodulatory and proinflammatory cytokine that influences the recruitment and activation of CD4 ϩ T-cells in vivo.
Given that CD4 ϩ T-cells mediate the development of type 1 diabetes, we examined whether IL-16 influences CD4 ϩ T-cell recruitment to pancreatic islets. We show that IL-16 potentiates insulitis and type 1 diabetes in NOD mice, and that anti-IL-16 antibody therapy protects against type 1 diabetes even when administered at the mid-late stages of disease progression. This protection results from reduced trafficking of CD4 ϩ T-cells to islet lesions and requires CCL4 activity. Thus, IL-16 may represent a novel therapeutic target for the prevention of type 1 diabetes.
insulitis were examined after hematoxylin-eosin (H&E) staining. At least 10 nonadjacent sections were analyzed per pancreas, and average percentages of insulitis were determined from Ն100 islets per treatment group. Adoptive T-cell transfer. NOD.Scid mice (5-7 weeks old, n ϭ 8/group) were injected intraperitoneally with spleen T-cells (4 ϫ 10 6 per mouse) isolated at 16 weeks of age from NOD mice treated 3 times weekly from 9 to 16 weeks of age with 200 g of anti-IL-16 (14.1) or isotype control IgG2a(). Statistical analysis. Significant differences were determined using the Student t test for unpaired samples, the Mantel-Haenszel log-rank test, and the Mann-Whitney nonparametric test where indicated. Statistical comparisons were performed using GraphPad Prism (www.graphpad.com; San Diego, CA). A probability value of P Յ 0.05 was considered significant.
A supplementary Research Design and Methods section is available in the online appendix.
RESULTS

IL-16 expression during development of insulitis.
In our NOD female mice, nondestructive peri-insulitis develops from 6 to 10 weeks of age and is followed by an invasive and destructive insulitis in 15-25-week-old mice (Fig. 1A) . Onset of diabetes is observed as early as 13 weeks of age, progressing to a cumulative disease incidence of 80 -90% by 30 weeks of age. Cytokine GEArray analyses of changes in islet cytokine expression revealed that, relative to 3-week-old mice, IL-16 mRNA was increased Ͼ2-fold in 9-week-old mice and reached a maximum by 15 weeks of age (Fig. 1B) . IL-16 mRNA expression decreased between 15 and 25 weeks of age, even though insulitis persists during this period. This may reflect a reduced number of total islet infiltrating leukocytes resulting from the destruction of a majority of islets by this age.
The above-described analyses of intra-islet IL-16 mRNA detected expression of all IL-16 isoforms. We therefore characterized the IL-16 protein isoforms in the pancreas and islets at progressive stages of insulitis, noting that only the mature IL-16 isoform is secreted and chemotactic for CD4 ϩ cells. Initially, IL-16 was immunoprecipitated from islet and pancreas lysates between 3 and 19 weeks of age. Intrapancreatic pro-IL-16 (80 kDa) expression increased during this timeframe and peaked near 16 weeks of age (Fig. 1B) . Similarly, mature IL-16 (18 kDa) was detected between 8 and 16 weeks of age. Because a very low level of 80 kDa pro-IL-16 was detected in the pancreas of NOD.Scid mice (Fig. 1C) , IL-16 is expressed in the pancreas in the absence of insulitis and increases with disease progression. To more accurately quantitate the levels of mature IL-16, IL-16 was enriched from pancreas and islet lysates by immunoaffinity chromatography and assayed for its ability to induce CD4 ϩ T-cell chemotaxis. This enabled Fig.  2A , available in an online appendix). As determined by colocalized staining for activated caspase-3, Thy1 ϩ T-cells, B220
ϩ B-cells, and both CD4 ϩ and CD8 ϩ T-cells produce mature IL-16. Colocalization of IL-16 and activated caspase-3 occurred mainly in a polarized manner. While many lymphocytes constitutively express pro-IL-16, only a low frequency of lymphocytes stained for activated caspase-3, in support of our immunoprecipitation studies that displayed a low level of mature IL-16 in the pancreas. Because IL-16 expression was not detected in insulinproducing islet ␤-cells, IL-16 production appears to be restricted to immune cells in an islet lesion in support of our finding that IL-16 is not expressed in islets from NOD.RAGKO mice (supplementary Fig. 2B ). Thus, in an insulitic lesion, mature IL-16 is secreted by several types of immune cells, and this may enable these cells to recruit additional CD4 ϩ T-cells to an islet lesion and augment an ongoing inflammatory response. Neutralizing anti-IL-16 mAb prevents insulitis and type 1 diabetes. Having determined that intra-islet expression of mature IL-16 increases with the severity of insulitis, we next examined whether blockade of endogenous IL-16 can prevent type 1 diabetes. NOD mice were treated with a neutralizing anti-IL-16 mAb or isotypematched control antibody from 3 to 16 weeks of age when intrapancreatic levels of IL-16 are increased. This treatment reduced the overall severity of insulitis and prevented the onset of destructive insulitis as insulin expression was preserved (Fig. 3A) . In comparison to 33-week-old NOD mice treated with isotype control antibody (group 1), the percentage of islets (14%) displaying severe insulitis (insulitis score ϭ 3) in anti-IL-16 treated mice (group 2) was significantly less than that observed (53%) in control mice. Anti-IL-16 treated mice still possessed 52% normal healthy islets (insulitis score ϭ 0), whereas only 20% of islets were healthy in the controltreated mice. In addition, the incidence of type 1 diabetes was reduced from 88% (16/18 mice) in control-treated mice to 44% (8/18 mice; P ϭ 0.004) in anti-IL-16 treated mice at 33 weeks of age (Fig. 3B ). These data show that neutralization of IL-16 protects against insulitis and type 1 diabetes.
Because intrapancreatic IL-16 expression peaks between 9 and 16 weeks of age, we reasoned that neutralization of IL-16 may prevent type 1 diabetes more effectively during this time than at a younger age when intra-islet levels of mature IL-16 are low. To test this possibility, anti-IL-16 or control antibody was administered during either 3-7 weeks of age, 9 -16 weeks of age, or after the onset of invasive insulitis. At 33 weeks of age, a similar incidence of type 1 diabetes was initially observed 
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for NOD mice treated between 3 and 14 weeks of age with either 100 or 200 g of anti-IL-16 mAb per injection (8/18 ϭ 44%, Fig. 3B ; and 3/8 ϭ 37.5%, data not shown), respectively. Thus, a dose range of 100 -200 g per injection is most effective for neutralization of IL-16. As short treatment regimens were used, mice were injected with a two-fold higher dose of antibody than that used for longer treatments (3-16 weeks of age). Compared with control mice treated from 9 to 16 weeks of age (group 3; H&E images not shown), anti-IL-16 treatment prevented the development of destructive insulitis (group 4) with protection being equally effective to that in mice treated with anti-IL-16 from 3 to 16 weeks of age (group 2). Importantly, the incidence of type 1 diabetes was reduced (P ϭ 0.015) by 50% in the 9 -16-week-old anti-IL-16 treated mice (4/12 mice ϭ 33%) relative to control-treated mice (10/12 mice ϭ 83%) (Fig. 3C ). In contrast, anti-IL-16 did not prevent type 1 diabetes (P ϭ 0.451) when administered between 3 and 7 weeks of age (Fig. 3D ). In addition, anti-IL-16 treatment from 17-22 weeks of age (after disease onset when severe insulitis predominates) was ineffective (P ϭ 0.194) at protecting against type 1 diabetes (Fig. 3E) . Note that the median survival time of 26 weeks in anti-IL-16 treated mice exceeded that of 19 weeks in control-treated mice. Therefore, IL-16 activity is not critical for the initiation of disease but is important for the transition from noninvasive to destructive insulitis. Neutralization of IL-16 during this transition elicits maximum protection against type 1 diabetes. Anti-IL-16 treatment decreases T-cell activation in the pancreatic lymph nodes and diminishes T-cell recruitment to islets. Because IL-16 recruits CD4 ϩ Tcells to sites of inflammation and mature IL-16 levels increase more than threefold in the islets and pancreas of 3-15-week-old NOD mice, we analyzed whether anti-IL-16 treatment from 9 to 16 weeks of age protects from type 1 diabetes by blocking the recruitment to and activation of CD4 ϩ T-cells in the pancreas. Consistent with our result that anti-IL-16 therapy from 9 -16 weeks of age prevents invasive insulitis and type 1 diabetes, CD69 expression on CD4 ϩ (P ϭ 0.010) and CD8 ϩ T-cells (P ϭ 0.012) from the pancreatic lymph nodes (PLN) of 16 week-old mice was significantly lower in anti-IL-16 than control-treated mice (Fig. 4A) . 3B ). In addition, a significant decrease occurred in the total number of islet-infiltrating CD4 ϩ (P ϭ 0.021) and CD8 ϩ (P ϭ 0.001) T-cells in anti-IL-16 treated mice without any significant change in the number of B220 ϩ B-cells (P ϭ 0.464) (Fig. 4B) , suggesting a preferential inhibitory effect on T-cells. Because CD4 can function as a chemotactic receptor for IL-16 on co-stimulated CD8 ϩ T-cells (19), neutralization of IL-16 may diminish the recruitment of activated CD8
ϩ T-cells to islets. Interestingly, a significantly altered chemokine profile was also observed in the PLN of anti-IL-16 treated mice (supplementary Table 1 , available in an online appendix). Comparative analyses of changes in gene expression of 96 different cytokines and chemokines and their receptors performed using GEArray technology revealed that the expression of several transcripts, including CXCR1, CXCR3, CCR4, CCR5, CXCL9, CXCL10, CXCL12, CCL22, and macrophage migration inhibitory factor (MIF), was decreased Ͼ2-fold in anti-IL-16 versus control-treated mice. The activities of MIF, CCL22, CXCL10, CXCL12, ligands for CCR4 (CCL22), CCR5 (CCL5), and CXCR3 (CXCL10) have been associated with the development of type 1 diabetes (2,3,20 -24) . Only CCL4 and IL-10 mRNA expression was upregulated in the PLN of anti-IL-16 versus control-treated mice, which supports our later result that T-cell production of CCL4 is enhanced in the PLN of mice protected from type 1 diabetes. Note that, while a detectable increase in frequency of CD4 ϩ IL-10 ϩ T-cells in the PLN of anti-IL-16 treated mice was not detected, the mean fluorescent intensity (MFI) was increased, indicating that CD4 ϩ T-cells produce more IL-10 on a per cell basis. Moreover, in contrast to the spleen, diminished Th1-like responses were observed in the PLN of anti-IL-16 treated mice (supplementary Fig. 4 , available in an online appendix). Thus, neutralization of IL-16 is associated with the decreased expression of several inflammatory gene transcripts in the PLN, where autoreactive T-cells may encounter antigen before migrating to islets and eliciting their destruction (25) . (26), we considered whether a heightened Th2-type immune response develops in anti-IL-16 treated mice. Unexpectedly, activated spleen T-cells from anti-IL-16 treated mice produced significantly more IL-2 (P ϭ 0.008), IFN-␥ (P ϭ 0.001), and CCL4 (P ϭ 0.004) than T-cells from control-treated mice (Fig. 6A) . However, no changes in the level of IL-4 were detected (our unpublished data). Similarly, activated T-cells secreted elevated levels of CCL4, but not IL-4, in the PLN of anti-IL-16 treated mice (Fig. 6B) . Administration of CCL4 directly prevents type 1 diabetes in NOD mice (27) . Moreover, elevated levels of IFN-␥ in the spleen diminish the autoimmune response in NOD mice by promoting the activation-induced cell death (AICD) of T-cells (28) . Considering that IL-16 regulates susceptibility of CD4 ϩ T-cells to apoptosis (7), we determined whether anti-IL-16 enhances the apoptosis of T-cell receptor (TCR)-stimulated spleen cells. At 48 h poststimulation, significantly higher levels of apoptotic NOD spleen CD4
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ϩ T-cells (P ϭ 0.008) were detected in anti-IL-16 than in control-treated mice (Fig. 6C) . Therefore, anti-IL-16 may protect from type 1 diabetes by enhancing CD4 ϩ T-cell susceptibility to apoptosis in response to TCR stimulation.
Anti-IL-16 therapy inhibits the activation of autoreactive T-cells in the pancreas. To further test the hypothesis that anti-IL-16 therapy regulates the recruitment and activation of islet-specific CD4
ϩ T-cells in the pancreas, we compared the levels of antigen-induced T-cell proliferation in the pancreas of anti-IL-16 and isotype control-treated mice. NOD mice were treated with anti-IL- 16 (27) and spleen-and PLN-T-cell production of CCL4 is elevated in anti-IL-16 mAb treated mice, we determined whether anti-IL-16 -induced protection from type 1 diabetes occurs in a CCL4-dependent manner. The effect of coadministration of neutralizing anti-CCL4 and anti-IL-16 antibodies to female NOD mice from 9 to 16 weeks of age on the incidence of type 1 diabetes was evaluated. This combination treatment abrogated (P ϭ 0.05) the ability of anti-IL-16 to protect against type 1 diabetes (Fig. 7) . Thus, anti-IL-16 therapy augments CCL4 production by T-cells, and anti-IL-16 mediated protection against type 1 diabetes is CCL4-dependent.
DISCUSSION
In this study, we demonstrate that progression to the onset of type 1 diabetes in NOD mice is associated with an increased expression of IL-16 in pancreatic islets and identify IL-16 as a novel potential target for protection against the development of type 1 diabetes. Our studies localized mature IL-16 to B-cells and T-cells in islet lesions and detected IL-16 only during the development of invasive and destructive insulitis up to 15-16 weeks of age. Importantly, the secretion of IL-16 by several cell types in islet lesions can potentially augment the autoimmune response by recruiting additional CD4 ϩ cells, including various T-cell populations and dendritic cells, to sites of islet damage. Consistent with this idea, treatment of pre-diabetic NOD mice with a neutralizing anti-IL-16 mAb beginning at the outset of mature IL-16 expression in islets resulted in lower numbers of activated CD4
ϩ T-cells in the pancreas and provided optimum protection against destructive insulitis and type 1 diabetes. Consequently, we have demonstrated for the first time that neutralization of endogenous IL-16 activity may have therapeutic value for the treatment of type 1 diabetes because of its ability to arrest the transition from peri-insulitis to an invasive/ destructive insulitis and onset of disease. This notion builds on the relationship between therapeutic efficacy and stage of disease treatment recommended for translational efficiency in clinical trials of type 1 diabetes (29) . Furthermore, this relationship may apply for other successful modes of anti-IL-16 mediated protection, e.g., inflammation and disease in the experimental allergic encephalomyelitis (EAE) mouse model of multiple sclerosis and in a mouse model of inflammation-mediated ischemia-reperfusion injury of the kidney (30 -32) .
Although our study is the first to characterize the function of IL-16 during the development of type 1 diabetes, earlier reports have described how administration of a nondepleting anti-CD4 mAb also prevents type 1 diabetes (33, 34) . Similar to anti-IL-16 immunotherapy, this nondepleting anti-CD4 mAb prevents type 1 diabetes when administered after the development of invasive insulitis (33) . The latter studies agree with our results considering that such an anti-CD4 mAb may block IL-16/CD4 interactions, and the efficacy of a nondepleting anti-CD4 mAb may be due in part to the inhibition of IL-16 function.
IL-16 can suppress CD4 ϩ T-cell activation and AICD (7), and such mechanisms may promote inflammation and/or autoimmunity by regulating T-cell homeostasis and limiting the clonal expansion of autoreactive T-cells (35, 36) . In NOD mice, the development of type 1 diabetes is influenced by defects in central and peripheral tolerance including TCR-stimulated CD4 ϩ T-cell resistance to apoptosis (37) (38) (39) (40) (41) . Here, we showed that neutralization of IL-16 enhances TCR-induced susceptibility of spleen CD4
ϩ Tcells to apoptosis. Although the mechanism that regulates apoptosis of CD4 ϩ T-cells in anti-IL-16 treated mice is unknown, previous studies predict that CD95 may play a role (7) . In addition, IFN-␥ may also regulate T-cell apoptosis and homeostasis in anti-IL-16 treated mice given that we found an increased production of IFN-␥ by spleen T-cells from anti-IL-16 versus control-treated mice. The latter finding is consistent with reports that IFN-␥ induces the apoptosis of effector Th1 cells (42) , triggers CD4 
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enhancing the apoptosis of autoreactive spleen T-cells in NOD mice (28) . Furthermore, we observed that spleen T-cells from anti-IL-16 treated mice were deficient in their ability to transfer type 1 diabetes to NOD.Scid mice. Thus, by enhancing susceptibility of CD4 ϩ effector T-cells to apoptosis together with neutralization of IL-16 chemotactic activity, anti-IL-16 therapy may reduce CD4 ϩ T-cell trafficking to islets by different mechanisms. Moreover, the reduced severity of islet infiltration by CD4 ϩ and CD8 ϩ T-cells in anti-IL-16 treated NOD mice is also accompanied by the decreased expression of several other inflammatory cytokines, chemokines, and their receptors in the pancreas (supplementary Table 1 ). Although neutralization of IL-16 protects from type 1 diabetes, we also noted that some anti-IL-16 treated mice developed type 1 diabetes at the same age as control-treated mice. It is likely that several other chemoattractant factors also target the immune system against islets in the absence of IL-16, which is consistent with the pleiotropic and redundant biology of chemoattractant cytokines. A diminished inflammatory response against islets and prevention of type 1 diabetes seems to result in part from the decreased expression of several inflammatory mediators. Nonetheless, neutralization of IL-16 led to an increase in CCL4 and IL-10 expression in the PLN, which is relevant because CCL4 and IL-10 expression are associated with protection against type 1 diabetes. Of note, whereas activated T-cells were found to secrete elevated levels of CCL4 in the PLN of anti-IL-16 treated mice, CCL4 is also expressed by a variety of immune cells that could represent additional cellular sources of CCL4 in anti-IL-16 treated mice. Because we showed that neutralization of CCL4 reverses anti-IL-16 mediated protection against type 1 diabetes, our results agree with several reports that CCL4 protects against type 1 diabetes in mice and is not associated with disease onset in humans (22, 27, 45, 46) . Although an increase in the frequency of FoxP3 ϩ regulatory T-cells was not observed in anti-IL-16 treated mice, we cannot exclude the possibility that Tr1 regulatory T-cells and their secreted IL-10 product may be protective in these mice, as comparison of the IL-10 MFI indicated that CD4 ϩ T-cells do indeed produce greater amounts of IL-10 in the PLN of anti-IL-16 treated mice (supplementary Fig. 4) .
Because CD4 and CCR5 can act synergistically to selectively recruit Th1 cells to sites of inflammation (4, 47) , CCL4 expression may be elevated in anti-IL-16 treated mice to compensate for deficient IL-16 activity. However, if IL-16 and CCL4 function cooperatively to promote islet inflammation, then neutralization of CCL4 would not be expected to abrogate anti-IL-16 mediated protection. Thus, our results support the notion that IL-16 may regulate or antagonize CCL4 function in the spleen and islets during the onset of type 1 diabetes. These findings are consistent with the observations that reciprocal cross-desensitization occurs between CD4 and CCR5 upon the binding of IL-16 and CCL4, respectively (15) , and that CCL4 treatment can prevent type 1 diabetes (27) . How CCL4 functions in anti-IL-16 -induced protection from type 1 diabetes is currently not well understood, but this protection may result from the lack of IL-16 -induced desensitization of CCR5 according to a model shown in Fig. 8 (4,15) . This model proposes that CCL4 signaling through CCR5 mediates protection from type 1 diabetes, an idea supported by two recent reports that transient blockade of CCR5 with an anti-CCR5 mAb during 11-13 weeks of age or CCR5 deficiency significantly accelerates rather than prevents type 1 diabetes in NOD mice (48, 49) . Further experimentation is required to ascertain the functional role of CCL4 in anti-IL-16 mediated protection against type 1 diabetes. 
